~TRODUCTION
The device features in integrated circuits have been scaled down to the deep sub-micron region and optical characterizations of such small dimensions have been inevitably obstructed by the diffraction limit of far-field optics. The Near-field Scanning Optical Microscopy and Spectroscopy (NSOMS) has been developed to break the far-field diffraction limit and so permits the analysis of submicron areas (1) . For example near-field techniques can easily achieve a resolution of 0.05 Bm whereas conventional far-field systems are diffraction limited to ~0.8 lam at -488 nm. NSOM has been widely applied to surface chemistry and biological molecular imaging (2) . More recently there has been a surge of effort in using NSOM in solid state research and applications, such as near-field spectroscopy and imaging of quantum electronic structures (3, 4) , nanofabrication (5) and magneto-optical data storage [6] . However, there is much less effort in applying NSOM to practical microelectronic materials and devices (7) and turning this technique into powerful characterization tool in semiconductor industries.
In this work, we have explored applications of near-field optical microscopy and spectroscopy to a variety of microelectronic materials and devices. This paper wilt first present direct NSOM optical images of device structures and dislocation patterns of a partially relaxed SiGe fihn on Si substrate to demonstrate the NSOM spatial resolution and compare it with that of AFM. Then examples will be given in areas where the optical contrast mechanisms allow information to be gained that current electron and scanning probe microscopy can not provide. These areas include magneto-optical imaging using the Faraday and Kerr effects, fluorescence imaging, photo-and electroluminescence spectroscopy and imaging, and near-field Raman spectroscopy.
INSTRUMENTATION
A commercially available Aurora near-field scanning optical microscope (TopoMetrix, Santa Clara, CA) is used for the direct optical imaging work. A tripod piezoelectric XYZ stage scans the sample relative to the tip while maintaining a constant distance from the tip to the sample surface. This distance is regulated by the optical shear force feedback system where a diode laser beam (670 nm) is focused onto the tip that is dithered at the resonance frequency by a piezoelectric tube and then reflected off sample surface to a detector. Laser beam from an Ar+ laser or a He-Ne laser is coupled into the NSOM tip. The reflected or transmitted light is collected with conventional far-field microscope objectives and detected with a photomultiplier tube (PMT). An interference bandpass filter at the exciting laser wavelength is inserted in the collecting optical path to filter out the feedback laser light and to ensure that only the reflected light from the exciting laser is detected.
For the polarization contrast imaging such as magnetooptical imaging, half wave and quarter wave plates ~ae placed between the laser and the coupler and adjusted to obtain nearly linear polarization of the light out of the tip. A polarizer is inserted in the collecting optical path to probe different polarization states.
The selection of the spectrometer and detector system used for near-field spectroscopy was made with a view of optimizing the light throughput. A Kaiser Holospec 1.8i tramsmissional grating spectrometer was selected as it was significantly more efficient than a comparable reflection grating spectrometer (80% versus 10-20%). It has the disadvantage that the grating is optimized for a particular wavelength and dispersion. These disadvantages were mitigated by purchasing three gratings to allow high resolution Raman, low resolution Raman and a PL grating. A Princeton Instruments liquid nitrogen cooled, back-thinned CCD was selected to ensure exceptional sensitivity (80%). The CCD chip size was 1 inch wide consisting of 1752 pixels (pixel width of 15 ~m) to allow enough data points being obtained for a narrow Rmnan peak. The spectrometer was calibrated using the emission lines from a neon lamp. In case of photoluminescence and electroluminescence imaging, notch filters are used to block the exciting as well as feedback laser lines. The ability of NSOM to image semiconductor surfaces has been evaluated using a variety of semiconductor samples. The quality of the images that can be obtained using a NSOMS tip with 50 nm aperture is illustrated by the topographic and optical NSOMS images from a 140 nm thick Si0,7Ge.0.3 film on silicon that had relaxed via the formation of misfit dislocations (Figure 1 ). Evidence of The dominant topographic changes are caused by the doped polycrystalline Si world lines. It can be seen again that the AFM image exhibits superior resolution in smqace topography. The optical image is noticeably contains more information but less well resolved than the topographic image due to complexity of the topographic shadowing effect and the interference effect of the 500 nm thick field silicon oxide.
In summary, in its current form, NSOMS for the simple optical imaging tasks works well and does yield information on the scale better than 0.1 I-tm. However, for general measurements of surface roughness, high resolution images of semiconductor devices and materials, AFM and SEM are the better choices. Near-field optical microscopy excels only when the optical contrast mechanisms can be exploited.
M A G N E T O -O P T I C A L I M A G I N G
Obtaining magnetic images in reflection has proved more difficult. Figures 4a and 4b present the topographic and optical images obtained from a patterned magnetic RAM (MRAM) structure consisting of sandwich NiFeCo, CoFe and Cu multilayered structure on a Si3N4 buffer layer. The topographic image just shows the patterned MRAM bitcell whereas significant contrast is detectable in the optical image. The light and dark shading are partly caused by the different magnetic domains rotating the polarization direction of the incident light to different degree (Kerr effect). In a cell of these dimensions, only one or two domains would normally be expected to be present. In the image, several areas of contrast can be seen, suggesting that some additional optical contrast is being detected which is confusing the image. In order to isolate the magnetic effect, we have explored different modulation techniques. A modulation technique we successfully used so far involves adding a small coil to the commercial NSOM stage to provide an ac magnetic field perpendicular to the sample surface. By locking in the optical signal to this ac field, we succeeded in obtaining images of modulated intensity due to pure magnetic effect. Figures 5a and 5b are the topography and modulated magneto-optical images from an identical bitceU. Again the topographic image shows only the topography of the bitcell, but the optical image has huge contrast around the edge of the bitcell. The reason that there is little contrast in the middle of the cell is that the magnetic moments that are uniformly aligned to the long axis of the cell and it is hard to flip these moments into the vertical direction. However, near the edge, the magnetic moments are tilted and give rise to some vertical components that respond to the vertical ac field. This suggests that the edge effect might be a crucial factor affecting the switching behavior of small MRAM devices. Currently, we are also attempting other modulation configurations such as using horizontal field or combinations of horizontal and vertical fields. We also planned to investigate the dynamical switching behavior of actual MRAM circuits. In this case, unlike magnetic field microscopy (MFM) and scanning electron microscopy with polarization analysis (SEMPA), the contrast effects are not perturbed by electrically generated magnetic fields.
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crystallinity and stress. The difficulty with near-field spectroscopy techniques is the low light levels involved. Typically, for a 300-500A tip aperture, there is a -106 reduction in the output laser power as compared to the input power. While this is adequate for direct microscopy, spectroscopy becomes more difficult. 
S P E C T R O S C O P Y A N D I M A G I N G
The other area where near-field optical techniques provide a major advantage is optical spectroscopy. Nearfield spectroscopic techniques such as photoluminescence (PL) and Raman offer the ability to probe sub-micron areas and so provide information on the composition, The photoluminescence (PL) work has concentrated on the visible region. Figure 6 shows a near-field PL spectrum from an MOCVD grown InGaP/InGaA1P heterostructure. For comparison, EL spectrum from an electrically powered pixel is also plotted. It can be seen that the EL peak is more symmetric than the PL spectrum. Using the tip collection mode, the emitted light was mapped. Raman spectroscopy using NSOM is more challenging due to the even lower signal levels. However, there is good reason to pursue it because Raman scattering can provide very rich information about materials properties such as stress and damage in Si-based devices. So far, little progress in the NSOM Raman spectroscopy has been made, especially on semiconductor materials. Most of the near-field spectra have been taken from transparent samples such as diamond (7) and KTiOPO4 (8) . In this case the near field condition is broken by the large optical penetration depth. Recently near-field Raman spectrum was obtained from Si LO phonon by Smith and co-workers (9) using He-Ne laser line at 633 nm. The penetration depth of light at this wavelength is as large as 2.4 p,m, which relaxes the near field condition and gives rise to more Raman signal.
However, near-field Raman spectroscopy using shorter wavelength laser lines is more desirable since the thickness of electrically active layers in most Si devices are less than 0.5 [,tin This work is concentrated on obtaining near-field Raman spectra using the blue line (488 ran) fi'om the Ar+ laser. Figure 8a plots the near-field Raman spectrum from diamond obtained using a high-resolution tip (500 fit). This spectrum is in sharp contrast to that published in (7) , which showed an extremely broad near-field Raman peak.
Our result demonstrates that it is possible to obtain as sharp LO phonon Raman peak in near-field as in far-field case. Raman signal from the LO phonon in Si is about an order of magnitude weaker than the one in diamond due to much smaller optical penetration depth. The Si Raman peak has also been obtained using the 488nm Ar+ laser line (Figure  8b ), although a lower resolution (> 0.2 Vm) tip had to be used. However, it is not yet practicable to perform Raman stress and damage mapping due to the very long accumulation time required for the Si Raman spectrum.
CONCLUSION
In conclusion, near-field optical techniques have been explored to allow the optical sub-micron analysis of semiconductor materials and devices. Near-field optical microscopy, magneto-optical and photoluminescence are currently available and the methodologies continue to be improved. The results to date using the NSOMS system appear extremely promising, particularly in the fields of magneto-optical imaging and spectroscopy. In the MO field, magnetic domains have been detected in both transmission and reflection. Magneto-modulation methods using magnetic fields have been developed to screen out some of the interfering optical contrast and so yield images containing just the magnetic domain information. The feasibility of the spectroscopy work has been proven by the detection of visible PL and EL spectra fi'om InGaP/InGaA1P LED devices. In addition, the emission characteristics from LED pixels have also been imaged. For the first time the near-field Si Raman phonon spectra have been obtained using a blue laser line (488nm). Work is continuing to obtain the Raman spectrum of silicon with higher resolution tip.
